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Abstract 
Digital hydraulic valve system is a new kind of hydraulic control valve assembly, which has potential to save energy and improve 
performance of valve controlled actuators. The typical digital valve system has 4-6 parallel connected on/off valves per control 
edge totaling 16-24 valves in the four-way valve configuration. The flow capacities of the parallel connected valves are set 
according to the powers of two such that it is possible to achieve 2N different flow rates with N valves. An alternative approach is 
to use equally sized valves, which means that N parallel connected valves give only N+1 different flow rates. This approach has 
several benefits, but the number of valves becomes very large. This paper shows that it is possible to implement valve assembly 
having 128 miniaturized valves, such that it can be installed instead of traditional CETOP3 servo or proportional valve. Careful 
electromagnetic optimization and mechatronic design are used together with novel manufacturing methods and new type of 
power electronics. The prototype is build and experimentally studied and results show that the performance of this kind of digital 
valve system is superior to traditional four-way control valves in terms of response time and fault tolerance. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Throttling control is the most common way to control hydraulic actuators. It is simple and low cost solution and 
gives also good control performance. The well-known drawback is poor energy efficiency especially with small or 
overrunning load forces. Energy efficiency can be improved by using load sensing pumps and/or distributed valves. 
Distributed valves can control each flow path independently and reduce losses because unnecessary back pressures 
can be minimized and because the regenerative connection can be used with overrunning loads. The two most 
common distributed valve solutions are shown in Figure 1 (a) and (b), and typical reduction of losses is 30-50 % [1–
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3]. Another way to reduce losses is to give away valve control and to use individual pumps or transformers for each 
actuator. These are good alternatives for new machines but cannot be easily retrofitted on existing systems.  
The modernization of the existing valve controlled hydraulic systems has big potential for energy saving because 
of the high number and long life time of applications. Payback time of the modernization must be short, and is 
achieved only by the combination of significantly reduced energy consumption and increased productivity. The 
system modifications must also be minimized. A potential modernization option is to replace the existing control 
valves with distributed ones. The potential benefits are energy saving, improved controllability and productivity. 
Two distributed valve solutions are commercially available. The Ultronics valve [4] is based on two 3/2 proportional 
spool type valves (Fig. 1 (a)) while the Husco’s solution [5] has four two-way cartridge valves (Fig. 1 (b)). Both rely 
on traditional valve technology and thus increase the number of expensive and safety-critical proportional valves. 
 
 
 
 
 
This paper studies the possibility to replace traditional servo or proportional valve with a retrofit digital hydraulic 
valve system (DVS). DVS is a special kind of distributed valve system, in which control edges are implemented by 
parallel connected on/off valves [3], see Fig. 1 (c). The benefits of the DVS are fast and amplitude independent 
response, redundancy, and robustness against oil impurities. Drawbacks are large space requirement, complexity of 
control and possibly higher price. Nevertheless, practical results in a paper machine application have been 
encouraging especially in terms of performance, energy efficiency and reliability [6]. The big physical size of DVS 
significantly hampers retrofitting and this paper presents a new mechatronic design of the complete DVS including 
power electronics. The aim is to make the one-to-one replacement of standard CETOP3 servo and proportional 
valves possible. This is achieved by the “digital micro-hydraulics” approach [7], concurrent mechanical, hydraulic 
and electromagnetic, new manufacturing method and novel power electronics. The main idea of the digital 
microhydraulics is to use one size of valves only, which is optimal in the sense of flow density, response time and 
fault tolerance, but is demanding in the sense that much bigger number of valves is needed. The end results of design 
have been partly documented in [8-10]. This paper describes the complete design process itself, i.e. how the Utopian 
dream materializes to a working prototype. 
Figure 1. Distributed valve systems. Version (a) is based on two three-way valves, version (b) uses four two valves and 
version (c) is so called digital hydraulic implementation of version (b). 
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2. Conceptual design 
2.1. CETOP3 standard interface 
The ISO4401-03 standard determines the porting pattern for so called CETOP3 valves. In addition to the location 
of flow paths and installation bolts, the standard determines the maximum width of the valve to be 50 mm. It does 
not determine length or height of the valve but typical dimensions are given in Table 1. The table shows also typical 
performance values. 
     Table 1. Characteristics of two CETOP3 servo valves. 
 Bosch Rexroth 
4WRPDH6 [11] 
Moog D636 [12] 
size [mm] 48 x 203 x 161 49 x 259 x 147 
Flow rate at 'p = 3.5 MPa [l/min] 40 40 
Maximum pressure [MPa] 31.5 35 
Mass [kg] 3.2 2.5 
Step response 0-100 % [ms] d10 8 
Step response 0-25 % [ms] n/a 3 
Electric power consumption [W] d40 d29 
2.2. Target values for new DVS 
The maximum width of the new DVS is 50 mm while there are no strict limits for the length or height. Referring 
to Table 1, length and height should not exceed 260 mm and 160 mm, respectively. The target value for the flow 
capacity is 40 l/min at 'p = 3.5 MPa and maximum pressure should be 32 MPa in order to cover most of the 
applications. The 2 ms response time is required in order to be competitive with the best servo valves. The earlier 
research shows that binary coded DVS with 4x5 valves gives already good controllability [3]. The theoretical 
resolution of the 5-bit control edge is 1:31, and the target is set to 32 equally sized valves per control edge totaling 
128 valves. The flow rate per valve is thus 1.25 l/min at 'p = 3.5 MPa giving the equivalent orifice size of 0.65 mm. 
The design problem is thus to fit 4x32 valves, flow paths, CETOP3 interface and power electronics inside 50 x 260 
x 160 mm cube. The solution must be low cost and suitable for mass production. It is clear that the problem is 
challenging and very careful concurrent design is needed. 
2.3. Basic layout 
The theoretical maximum volume for the valve is 16.25 cm3 because the maximum size of the valve package is 
260 x 160 x 50 mm and it has 128 valves. The real volume of the valve is much smaller because the space is needed 
also for flow paths, power electronics as well as fastening of valves and manifold. The first observation is that the 
manifold is symmetric and it is enough to design half of the manifold for 64 valves. The second fact is that the 
location of the flow path connections and installation bolts of the CETOP3 manifold makes it very difficult to utilize 
the center part of the manifold for valves. Thus, there are in practice two identical 105x160x50 mm boxes for 
valves. If the shape of the valve is assumed cylinder, it is possible to sketch different designs. Simple assumption is 
that each valve has integrated power electronics at the top and flow channels at the bottom. The height of the 
integrated power electronics is assumed to be 13 mm, which results from the height of the typical capacitor and 
circuit board. The two possible designs are shown in Figure 2. The version (a) has valves installed on the side of the 
manifold and the number of valves is 35 per flow edge. The resulting valve size is of ø15 mm x 27 mm or 4.7 cm3 
per valve. The version (b) has valves installed on top and bottom. The solution has 32 valves per flow edge and the 
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valve size ø12.5 mm x 62 mm or 7.6 cm3. The drawback of this design is that the valve is unrealistically slim. 
However, if the volume of the valve is assumed to be 4.7 cm3 as in previous design, the resulting valve size is ø12.5 
mm x 37 mm. Also, if the valve is lower, the manifold simply becomes lower and there is more space for flow paths 
and power electronics. 
The real design process was not as logical as presented above but the first step was to simply design a valve with 
10 mm diameter and study its characteristics [9]. It was later found that this size of valve is indeed close to optimal 
for the CETOP3 interface with the second design, and the latter prototypes were designed taking the manifold into 
account. 
 
 
 
3. Valve design 
3.1. Basic layout 
The basic structure of the selected valve type is shown in Figure 3. The manifold is used as a part of magnetic 
circuit. The valve structure has nothing special but the design constraints make the problem challenging. The design 
constraints are: 
 
x The outer diameter of the valve is 11 mm, which leaves some space between valves. 
x The diameter of the orifice is 0.7 mm in order to have some safety margin for flow capacity. 
x The valve must carry 32 MPa internal pressure. 
x The valve must open with 32 MPa pressure differential 
x No external leakage is allowed. 
 
The other target values are: 
 
x Response time 2 ms 
x Durability 10 million strokes at maximum pressure differential 
x Simple and low-cost design 
x No internal leakage 
Figure 2. Two possible layouts for installing valves on the manifold. Only half of the manifold is shown. 
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x The valve should work in the opposite flow direction up to 10 MPa pressure differential. This is needed in 
order to implement energy saving differential connection.  
 
The 0.7 mm orifice diameter and 32 MPa maximum pressure differential gives maximum pressure force of 12.3 
N. The spring force must be at least 3.9 N in order to keep the valve closed with 10 MPa reverse pressure 
differential. Taking some flow forces into account, the conclusion is that the valve actuator should be able to 
generate about 20 N. The initial CFD calculations suggested that the suitable needle angle could be 45q and 
corresponding needle lift about 0.35 mm [10]. 
 
 
3.2. Electromagnetic design 
The proper electromagnetic design is the key for fast actuation and sufficient solenoid force. Accurate 
electromagnetic modeling requires deep understanding of electromagnetics, skilled person and good software, and 
the electromagnetic design is thus made at the department of electromagnetics at Tampere University of 
Technology. The experiences are that model predicts accurately the actuator force, opening transient, peak current, 
and power consumption [13]. The hold current and closing response are more difficult to predict because of 
magnetic and hydraulic sticking effects, which are discussed later. The electromagnetic model needs axial external 
force acting on the needle. This includes inertia, spring, pressure, friction and flow forces. Static flow forces are 
obtained from the CFD calculations and dynamic flow forces are excluded. The key relationships are [13]: 
 
x Steady-state actuator force, magnetic saturation limit and needle mass are proportional to the square of the 
needle diameter. 
x Coil current density is proportional to the (do2-di2) where do and di are outer and inner diameters of the coil. 
 
The most important design parameter is the needle diameter. If it is too small, the magnetic saturation limits the 
actuator force and the valve does not open at all. If diameter is too big, the solenoid becomes slim and current 
density may become too high. The current density can be decreased by increasing the height of the solenoid but this 
increases the size of the valve package. Needle diameter also rapidly increases the mass of the needle, which in turn 
slows down the response time and decreases durability. The needle material is assumed to be pure iron in 
simulations, which gives big force but is otherwise problematic material as discussed later. The calculation results 
Figure 3. Schematic drawing of the valve. 
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show that 4.8 mm needle diameter gives 18 N and 5.2 mm needle diameter already 22 N force at the magnetic 
saturation point [13]. Even higher forces are possible with bigger current, but the gradient of the force is small 
beyond the saturation point. The needle diameter is selected to be 4.9 mm such that the 20 N force is achieved at the 
saturation point. 
3.3. Solenoid design 
In order to maximize the solenoid size without increasing its outer diameter, it is important to minimize its inner 
diameter. The solenoid tube must carry the internal pressure of 32 MPa and relatively thick tube would be needed if 
traditional design was used. The problem can be reduced by reinforcing the solenoid by epoxy resin. Vacuum and 
low viscous resin are used to fill the tight wounded coil by epoxy resin afterwards. The wall thickness is selected to 
be 0.5 mm, which is enough for manufacturability, and the resulting coil inner diameter of 6 mm. The selected 
material for the tube is glass fiber filled polyacetal (POM-C). Plastic is selected in order to enable an economical 
manufacturing by injection molding and to prevent short circuits of the coil wires. Good properties of polyacetal are 
machinability, wear properties, high strength and high stiffness. A complete filling of air gaps with epoxy resin is 
compulsory to achieve adequate stiffness against axial compression and to enable the coil usage as a pressure vessel. 
The height of the coil is 16 mm, the measured outer diameter 9.4 mm, thus the cross sectional area of the coil is 27 
mm2. While the number of turns is 288 and the designed peak current 4.5 A, the current density is 48 A/mm2. 
3.4. Needle design 
The electromagnetic design is the base for the detailed needle design. The pure iron is used in the electromagnetic 
design and this is the starting point for the needle material. The pure iron is soft and its durability is some thousand 
cycles only [10]. The possible solutions are hardening, coating, bi-material or another material. Boronization is one 
possible coating method but it is considered too expensive [10]. This is why the needle material is selected to be 
Cobalt iron, which has good magnetic properties and durability. The only drawback is very high price, which is 
partially compensated by the small size of the needle. 
The needle sticking affects the closing delay of the valve significantly and the closing delay is up to 8 ms if the 
needle is implemented according to Fig. 3. The sticking occurs at the top of the needle where the needle is in the 
contact with the valve body. This sticking is relatively straightforward to avoid by using slightly conical top of the 
needle instead of flat one as show in Figure 4. This modification has small negative effect on the hold current but it 
is essential for proper valve operation. Even more severe sticking occurs in the lower part of the magnetic circuit 
because of side forces. The side force is very big, if the gap between the needle and magnetic circuit is able to close 
completely. The problem can be reduced if an extra gap is introduced as shown in Fig. 4. This increases magnetic 
reluctance and thus both the peak and hold current. Fortunately, the cross sectional area of the magnetic circuit is 
bigger at this point, which reduces the problem. 
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3.5. Magnetic circuit, sealing and seat 
The upper part of the magnetic circuit is also manufactured from the Cobalt Iron and it has external thread for 
fastening the valve into manifold. The sealing between coil and upper part is implemented by gluing parts together. 
The lower part includes the inflow flow channels and O-ring for preventing external leakage. The seat part has 
smoothly widening outlet channel, which increases the flow rate by 10-15 % according to CFD calculations of [10]. 
The parts are shown in Figure 5. 
 
 
3.6. Experimental results 
The individual valve prototypes have been measured with different inlet and outlet pressures and the opening 
delay is 1.4–2.3 ms depending on pressure differential. The closing delay is 3.4 ms with 1 MPa pressure differential 
and it shortens to 2.0 ms at 21 MPa pressure differential. The delays are determined from pressures. The flow rate of 
the prototype valve is about 1.4 l/min @ 3.5 MPa pressure differential. 
4. Manifold design 
The next design challenge is how to integrate valves into manifold. The main functions of the manifold are: 
 
x Implements CETOP3 standard interface 
x Implements sufficiently wide flow paths between valves 
Figure 4. Sticking phenomena and ways to reduce them. 
Figure 5. Parts of the valve. 
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x Carries pressure forces 
x Prevents internal and external leakage 
x Aligns valve parts radially 
x Closes magnetic circuit between upper and lower parts of valves 
 
The manifold design is based on analysis of Chapter 2 and Figure 2 (b). The traditional manufacturing methods 
would yield long drillings, huge number plugs and relatively narrow flow paths, and the alternative manufacturing 
method is thus needed. Laser sintering allows artificial shapes, but it is considered too expensive method for volume 
production. Another option is plate lamination in which design is little bit more constrained but still much more 
flexible than traditional manufacturing. This technology is selected and the design process has been explained in [8]. 
The result of the manifold design is shown in Figure 6. The plate material is 2 mm steel and the parts are 
manufactured by combined laser cutting/punching machine. After manufacturing, the parts are cleaned and 
electrolytic coated by 6 μm copper layer. This thin layer is enough for tight and leakage free lamination and does not 
significantly disturb the magnetic properties of the manifold. The plates are stacked and heat treated in the vacuum 
furnace. Several hundred manifolds can be heat treated in one batch, which takes about three hours. This allows 
low-cost volume production. The final phase is manufacturing of threads. So far, the functionality of the 
manufacturing method has been successfully verified with a valve manifold with 64 valves. 
 
 
 
5. Integrated power electronics 
The last challenge is to integrate 128 channel power electronics into the valve package. The main requirements 
are: 
 
x The coil current must rise from zero to 4.5 A in 2 ms in order to open valve quickly enough. 
x The coil current must be dropped to the 350 mA hold current after the opening boost in order to avoid 
overheating of the solenoid. 
x When closing the valve, the current must drop permanently to zero within 0.5 ms in order to guarantee fast 
closing. 
x Solution must be very low cost because of big number of valves. 
x There is approximately 50 x 100 x 15 mm space available for power electronics of 32 valves. 
 
The division of the power electronics into four identical parts is a natural consequence from the manifold design 
decisions. The existing power electronics solutions are most often based on H-bridge with two FETs plus two 
diodes. The solution is functional but requires two active components and two control outputs, and is considered too 
Figure 6. Selected plates (left) and final assembly (right) of the manifold. 
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bulky and expensive. After analysis of several different alternatives, a new approach based on high frequency AC 
voltage is adopted [14]. The solution is shown in Figure 7 and has only one FET without any need for PWM control. 
The AC voltage charges the boost capacitor C2 through small capacitor C1. When MOSFET M1 is opened, boost 
capacitor discharges through the valve coil and the valve opens. The hold current is generated without additional 
control as the pulsed current through C1 is smoothed in C2 and the valve coil. The average value of the hold current 
is determined by the frequency of the source voltage and the capacitance of C1. Fast closing of the valve is achieved 
with internal clamp diodes of the used MOSFET or similar smart switch component. Simulations and measurements 
show that 220 μF boost capacitor is enough to open the valve with 21 MPa pressure difference. The measured 
current profile is shown in Figure 8 showing that the solution fulfills requirements. The only drawback is that about 
45 ms is needed to recharge the boost capacitor to full 24 V, which limits the maximum operation frequency of 
single valve to 22 Hz at full pressure. This is not a big problem, because each control edge has 32 identical valves. 
The boost capacitor is the biggest single component and its diameter is 6.8 mm only. The component sizes allow the 
integration of power electronics on valves. 
 
 
 
 
  
 
Figure 8. Measured current and voltage difference over the coil with the new power electronics. The boost capacitor is fully charged before the 
opening. 
Figure 7. The circuit diagram of the new power electronics solution for two valves. 
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6. Analysis of the solution 
Table 2 summarizes the characteristics of the 4x32 valve system. The height is calculated by assuming that the 
height of the power electronics is 15 mm. The size is competitive with CETOP3 servo valves but the mass is about 
three times bigger (cf. Table 1). The maximum pressure is currently limited to 21 MPa. The valve is very fast 
especially with bigger amplitudes because the operation principle makes the response time amplitude independent. 
The electric power consumption depends on the number of open valves and it is small in static situation. Normally 
half of valves can be open simultaneously, which gives the maximum steady-state power consumption of 16 W. 
However, the opening of the valve takes about 65 mJ and it is possible to have very big electric power consumption 
if many valves are operated at high frequency. The integrated power electronics needs 45 ms to fully recharge the 
booster capacitor, which automatically limits the maximum switching frequency. 
 
Table 2. Characteristics of the 4x32 valve package with integrated electronics. 
Parameter Value 
Flow rate at 'p = 3.5 MPa [l/min] 48 
Maximum pressure [MPa] 21 
Mass [kg] |9 
Step response 0-100 % [ms] d3.4 
Step response 0-25 % [ms] d3.4 
Electric power consumption with constant output [W] d16 
Theoretical electric power consumption at 100 Hz and full amplitude [W] 850 
 
7. Conclusions and further research 
The results of this paper show that it is possible to implement compact and high performance digital hydraulic 
valve package, which can be installed in place of traditional CETOP3 servo or proportional valve. The main 
challenges solved so far are the miniaturized valve with flow capacity of 1.4 l/min at 3.5 MPa pressure differential, 
low cost manufacturing of complex manifold for 128 valves, and small and low cost power electronics for valves. 
The challenges not yet solved are the increase of maximum pressure from 21 to 32 MPa, low cost manufacturing 
method for composite solenoid, and the connection of solenoids and power electronics. The durability of the needle-
seat combination is not known yet and better materials or coating may be needed. The Cobalt iron is expensive 
material (about 80 €/kg) and at least the material of the upper part should be changed. Control methods research is 
needed in order to utilize the unique characteristics of PNM coded valve system in optimal way and to avoid too big 
electric power consumption. 
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